95% confidence interval (CI) 1.06-1.85; p = 0.018] and individuals with pronated foot function were more likely to report difficulty walking across a small room (OR = 2.07, 95% CI 1.02-4.22; p = 0.045). Foot pain and planus foot posture were associated with an overall mobility limitation score combining performances on each measure. Conclusion: Foot pain, planus foot posture and pronated foot function are associated with self-reported difficulty undertaking common weight-bearing tasks. Interventions to reduce foot pain and improve foot posture and function may therefore have a role in improving mobility in older adults.
Introduction
The foot plays an important role in maintaining balance when undertaking weight-bearing tasks and generating momentum during walking. Consequently, any disruption to the load-bearing function of the foot has the potential to impair functional ability in older adults. Indeed, foot pain, which affects approximately 1 in 4 older adults [1] , has been shown to be associated with both selfreported [2] [3] [4] and objectively measured mobility limitation [3, 5, 6] and is an independent risk factor for accidental falls [7, 8] . Mobility impairment associated with foot pain is common and has a substantial detrimental impact on health-related quality of life in this age group [4, 9] .
In addition to foot pain, age-related changes to the structure and function of the foot have the potential to impair mobility in older people. With advancing age, the foot exhibits increased soft-tissue stiffness, decreased range of motion and strength and adopts a more pronated posture when standing and walking [10] . In both young [11] [12] [13] and older [14] people, pronated foot posture has been shown to impair standing balance. However, no studies have examined whether the dynamic function of the foot influences mobility in older people. This is an important issue to address for two reasons. First, because the association between foot posture and dynamic foot function is only modest [15] , static measures of foot posture may not fully explain the contribution of the foot to the performance of mobility tasks. Second, because dynamic foot function can be modified with footwear and orthoses [16] , there may be some scope for improving mobility in older adults with appropriately targeted interventions.
Therefore, the objective of this study was to examine the effect of foot pain, foot posture and dynamic foot function on self-reported mobility limitations in older adults who took part in the Framingham Foot Study (FFS). We hypothesized that in addition to foot pain, planus foot posture and pronated foot function would be associated with impaired performance in a range of selfreported mobility tasks.
Methods

Participants
The FFS cohort was derived from members of the Framingham Study Original Cohort, the Framingham Offspring Cohort and a third community sample. The Framingham Study Original Cohort was formed in 1948 from a two-thirds sample (n = 5,209) of the town of Framingham, Mass., USA, in order to study risk factors for heart disease [17] . This cohort has been followed biennially since that time. The Framingham Offspring Cohort, formed in 1972, consists of adult offspring who had a parent in the Framingham Original Cohort, and the spouses of the offspring (n = 5,124) [18] . This group has been followed every 4 years since cohort inception to study familial risk factors for heart disease. The community sample was derived from census-based, random-digit dialling within the Framingham community by the Center for Survey Research at the University of Massachusetts, selecting subjects who were 50 years old and ambulatory in order to increase participation by minority persons and other community members of the Framingham catchment area (using a targeted random-digit dialling schema in selected Framingham census tracts). Participants from these cohorts were invited to participate in the FFS between 2002 and 2005. Of these, FFS data (physical examination of the foot with accompanying questionnaire) were collected from 266 Original, 981 Offspring and 982 community cohort members at either the scheduled or call-back Framingham clinic examination. Participants who had complete FFS data (including information on foot pain), self-reported mobility measures and covariates were included in this analysis. The FFS was approved by the institutional review board at Hebrew SeniorLife, and informed consent was obtained from all participants.
Assessment of Foot Pain
All participants were ambulatory and cognitively intact (as indicated by a Mini-Mental State Examination score >24 [19] ), so that we could identify study subjects who would be able to give symptom information about their feet. Generalized foot pain was determined using the following National Health and Nutrition Examination Survey-based query about foot pain: 'On most days, do you have pain, aching, or stiffness in either of your feet?' Possible responses were no; yes, left foot only; yes, right foot only; yes, both feet; yes, not sure what side, and unknown. For this analysis, responses were collapsed into 2 groups: (i) yes, pain in one or both feet, or (ii) no, no pain in either foot.
Assessment of Foot Posture and Function
Foot posture and function were both assessed using the Tekscan ® MatScan ® system (Tekscan, Inc., Boston, Mass., USA). The system consists of a 5-mm-thick floor mat (432 × 368 mm), comprising 2,288 resistive sensors (1.4 sensors/cm 2 ) and sampling data at a frequency of 40 Hz. The reliability of this system has been described in detail previously [20] . Two types of scans were collected: standing and walking. For the standing scan, a one-frame self-selected bipedal stance 'snap shot' image was collected for each participant. For the walking scans, participants walked across the mat at a self-selected pace using the two-step method, which involves striking the platform on the second step. One walking trial of each foot was recorded.
Foot posture was assessed using the arch index (AI), which was first described by Cavanagh and Rogers [21] . From the maximum peak pressure image of the participants' bipedal relaxed stance, the AI was calculated as the ratio of the area of the middle third of the footprint to the entire footprint area (excluding the toes), with a higher value representing a flatter foot. AI scores have previously been shown to be highly correlated with navicular height [22] and angular medial longitudinal arch measures [22, 23] obtained from foot radiographs. AI scores were divided into quintiles for men and women separately, and foot posture was categorized as cavus (those in the lowest 20%), normal (those in the middle 60%) or planus (those in the highest 20%). The cutoff scores to define each category were as follows: cavus (0-0.134), normal (0.135-0.272) and planus (0.273-0.565) for men, and cavus (0-0.119), normal (0.120-0.261) and planus (0.262-0.534) for women [24] .
Foot function was assessed by calculating the center of pressure excursion index (CPEI) of the walking trials. The CPEI represents the degree of mediolateral deviation of the center of pressure at the anterior one third trisection of the foot, relative to a line connecting the first and last center of pressure data points, and is described in detail elsewhere [25] . In a pronated foot, the concavity of the center of pressure curve is decreased, resulting in a smaller CPEI value. In a supinated foot, the concavity of the center of pressure curve is increased, resulting in a larger CPEI value. The CPEI has previously been shown to demonstrate excellent intra-and intertester reliability (intra-class correlation coefficients of 0.97 and 0.98, respectively) [25] . As with AI scores, CPEI scores were then divided into quintiles, and participants were categorized as having 291 supinated foot function (those in the highest 20%), normal foot function (those in the middle 60%) or pronated foot function (those in the lowest 20%). The cutoff scores to define each category were as follows: supinated (22.5-43.7), normal (9.4-22.4) and pronated (-25.3-9.3) [24] .
Typical examples of cavus, normal and planus foot posture as well as supinated, normal and pronated foot function categories using this classification system are shown in figure 1 .
Self-Reported Mobility Limitations
Self-reported mobility limitation was determined by asking participants whether they experienced any difficulty undertaking eight weight-bearing activities: remaining balanced while standing, standing for ≥ 15 min, getting in and out of a car, getting in and out of bed, getting in and out of a chair, walking two to three blocks, walking across a small room and walking up and down a flight of stairs [26, 27] . The response options were: no difficulty, a little difficulty, some difficulty, a lot of difficulty, or unable to do. Participants were considered to be limited in each activity if they reported at least a little difficulty performing the task. An overall mobility limitation score was also calculated by summing the dichotomized responses to these eight items (i.e. score range from 0 to 8).
Covariates Covariates in our analyses included age, sex, height and weight. Age in years at the time of examination was recorded. Height (without shoes) was measured using a calibrated stadiometer and recorded to the nearest one-quarter inch. Weight was measured using a standardized balance beam and recorded to the nearest half pound. Height and weight measures were used to determine the body mass index.
Statistical Analysis
Multivariable logistic regression models were used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for the association between foot pain, foot posture, foot function and selfreported mobility limitation for each activity, adjusting for age, sex, height and weight. Linear regression was used to examine associations between foot pain, foot posture, foot function and the self-reported and overall mobility limitation score. All analyses were conducted using the SAS statistical analysis package, version 9.1 (SAS Institute, Cary, N.C., USA).
Results
Of the 2,229 participants in the FFS, 1,860 participants (830 men and 1,030 women) had complete foot pain, posture, function and self-reported mobility limitation data. The mean age of the participants was 65 years, and women comprised 55% of the sample population. Foot pain, aching or stiffness in either of their feet on most days was reported by 497 (27%) participants. Mobility limitation in at least one activity was reported by 1,107 (60%) of participants and increased with age ( table 1 ) .
Associations between foot pain, posture, function and self-reported mobility limitations are shown in table 2 .
After adjusting for age, sex, height and weight, foot pain was significantly associated with difficulty performing all eight weight-bearing activities, with ORs ranging from 1.81 to 3.45. Compared to those with normal foot posture and function, individuals with planus foot posture were more likely to report difficulty remaining balanced (OR = 1.40, 95% CI 1.06-1.85; p = 0.018) and individuals with pronated foot function were more likely to report difficulty walking across a small room (OR = 2.07, 95% CI 1.02-4.22; p = 0.045).
Results of the linear regressions are shown in table 3 . After adjusting for age, sex, height and weight, foot pain was significantly associated with the overall mobility limitation score (least squares mean = 2.71; p < 0.001), as was planus foot posture (least squares mean = 1.95; p = 0.038). 
Discussion
The objective of this study was to evaluate the independent relationships between foot pain, foot posture and dynamic foot function with self-reported mobility limitations in a population of community-dwelling older adults who participated in the FFS (2002) (2003) (2004) (2005) . Our findings indicate that foot pain was independently associated with self-reported difficulty performing all eight activities, and an overall mobility limitation score combining performances on each individual measure. In addition, older people with planus foot posture were more likely to report difficulty remaining balanced, and those with pronated foot function were more likely to report difficulty walking across a small room. Planus foot posture was also associated with the overall mobility limitation score.
The associations we observed between foot pain and self-reported mobility limitation are consistent with previous studies reporting significant associations between foot symptoms and a range of self-reported measures of mobility, including walking difficulty [28] , instrumental activities of daily living [3] , the physical function and role-physical subscales of the Short Form 36 questionnaire [4] and the Stanford Health Assessment Questionnaire disability index [5] . A fundamental requirement of each of the activities included in our mobility measure is the ability to support and transfer body weight, which invariably places mechanical demands on the foot. In the presence of foot pain, this support function may be compromised, resulting in impaired performance. Evidence to support this proposed mechanism can be derived from studies of experimentally induced foot pain, which have noted gait alterations [29] and increased postural sway [30] when a noxious stimulus is applied to the plantar surface of the foot.
Our finding of an association between planus foot posture and self-reported difficulty remaining balanced builds on previous work exploring the effect of foot posture on postural stability. In young adults, Cobb et al. [11] reported that those with forefoot varus exhibited greater anteroposterior postural sway in single-limb stance, which they attributed to decreased joint congruity associated with the planus foot. Similarly, Tsai et al. [12] reported that young adults with planus feet demonstrated greater anteroposterior postural sway in single-limb stance and were able to maintain balance for a shorter duration than those with neutral feet, and Tahmasebi et al. [13] found that sway velocity in young adults was greater in those with flat feet according to AI measurements. In older adults, Spink et al. [14] found that planus foot posture was associated with poorer performance on a test of postural sway. Taken together, these findings support the view that the ability to maintain balance is compromised in individuals with planus feet, possibly as a result of this foot type being inherently more mobile when standing compared to the neutral or cavus foot type [31] . Interestingly, however, foot posture was not associated with the remaining mobility tasks, possibly because they mostly reflect more dynamic, gait-related activities, and the relationship between foot posture and dynamic function is less clear [15] .
The most novel aspect of our study is the inclusion of a measure of dynamic foot function, the CPEI. This measure is derived from a dynamic foot pressure recording and represents the degree of mediolateral deviation of the center of pressure at the anterior third trisection of the foot when walking [25] . We hypothesized that pronated foot function according to the CPEI would be associated with self-reported mobility limitations. This was evident for one task: walking across a small room. A possible explanation for the lack of association between dynamic foot function and the remaining mobility tasks is that we calculated the CPEI from a platform-based plantar pressure system while participants were barefoot, rather than using an in-shoe system while participants were shod. Variations in footwear may affect both mobility [32] and dynamic foot function [33] compared to being barefoot, so it is likely that footwear confounded the association between dynamic foot function and mobility limitations. While it is true that the foot posture measures were also performed barefoot, it is possible that footwear has a greater influence on dynamic foot function than its static skeletal alignment. Clinically, these findings suggest that interventions to reduce foot pain and improve foot posture and function may have a role in improving mobility in older adults. Such interventions could include physical therapy, orthoses and footwear. Several studies have shown that foot orthoses which support the arch can reduce pain [34, 35] and improve balance [34, [36] [37] [38] in older people, and a recent randomized trial reported that extra-depth footwear was effective at reducing foot pain and improving foot function [39] . In addition, a multifaceted podiatry intervention consisting of regular lesion debridement, foot and ankle exercises, foot orthoses and footwear has been shown to reduce the incidence of falling by 36% [40] . Further trials with longer duration of follow-up are required to determine whether these interventions have beneficial effects on broader aspects of physical function in older people.
Strengths of this study include the large populationbased sample, objective measures of foot posture and dynamic foot function, and statistical adjustment for several potential confounding variables. However, our findings need to be interpreted in the context of several limitations. First, although our findings suggest that foot pain, foot posture and foot function are associated with mobility limitations, we acknowledge that there are many other factors that may also contribute. Second, we did not attempt to characterize the type of foot pain reported by participants, so it is possible that different types of pain (e.g. nociceptive or neuropathic) may have had differential effects on physical function. Third, the CPEI has yet to be validated against a multi-segment kinematic foot model. Fourth, the Framingham population is largely Caucasian. Given that there are significant racial differences in foot structure [41] , different patterns of association may be evident in more diverse populations. Finally, the key limitation of all cross-sectional studies is the inability to confidently infer causation, although we consider reverse causation to be a less plausible explanation of the observed associations.
Conclusion
Foot pain, planus foot posture and pronated foot function are associated with self-reported difficulty undertaking common weight-bearing tasks in older adults. Interventions to reduce foot pain and improve foot posture and function, such as foot orthoses and footwear, may therefore have a role in optimizing mobility in this age group. 
